INTRODUCTION
Although the finite element method (FEM) is very accurate, it is not appropriate to all industrial obligations. In a design phase, it is necessary to take the quickness criteria into account. However, an intensive exploration of the design space by the use of optimization methods can lead to prohibitive execution time.
In addition, analytical methods based on the explicit formulation of values characterizing the system have difficulty to consider the local phenomenon and use simplifying assumptions such as the hypothesis of the first harmonic or the hypothesis of linear materials.
The lumped approach (which is semi-analytical or semi-numerical) provides a good compromise between time calculation and accuracy based on magnetic field analysis, and avoids many coarse assumptions and empirical formulas. Therefore, the calculation accuracy and reliability are higher than those of analytical methods which include many coarse assumptions and empirical formulas. And this approach also consumes much less calculation time than FEM. Moreover, it can be well compatible with the design of electromechanical actuators [1] [2] .
The lumped approach is based on combination of magnetic circuits and FEM (finite element method). When the model is built with flux-tube method, in this method, the segment in the relatively flux density is even considered to be an element, and the magnetic permeance of each element can be estimated with analytical method. Then, the magnetic permeance network can be set up by connecting each of nodes of permeance according to the analogical method as electrical circuit, and the parameters and performance can be obtained. After that, the magnetic circuit is drawn and we couple it with electrical circuit by a structure like a gyrator, which is called electromagnetic coupling. Finally, the electromagnetic model is established [3] [4] [5] .
In this paper, we introduce electromagnetic coupling and how to estimate the permeance with analytical method in the beginning. The main work is to propose an electromagnetic model for a linear synchronous machine by lumped approach. The linear machine is separated into many small parts and we can compute the magnetic reluctance of them with analytical method. Then couple the electrical part and the magnetic part by electromagnetic coupling method to obtain the circuit of the machine. At last, we simulate the electromagnetic model of the linear machine and compare the result with that of finite element method.
ELECTROMAGNETIC COUPLING METHOD
We use electromagnetic coupling method when build models for electromagnetic device by lumped approach, which can couples the electrical circuit and the magnetic circuit. We use this method to respectively consider electrical circuit and magnetic circuit, so that it is convenient to study and calculate the parameters independently [6] .
The electromagnetic coupling is shown as follows:
Use (1) and (2) to couple the electrical circuit and the magnetic circuit. Those two formulas are the theoretical condition of electromagnetic coupling when we use lumped approach to build an electromagnetic model. The structure of electromagnetic coupling is like a gyrator. It is shown as follows in We can see from Figure 1 : In the left side of the figure is the electrical part and in the right side is the magnetic part. These two parts are connected by a structure which consists of three dependent sources and an inductor.
The parameters of the dependent sources in this circuit are shown as follows in Table 1 . Table 1 . Dependent source of Electromagnetic coupling.
Symbol
Component Category Gain
There is flux φ in the path of magnetic circuit in the right side of Figure 1 . Since "S" is a current-controlled current source, and the gain is 1, it is also the flux φ in the path of middle circuit.
In this Formula (3), V L represents the voltage of inductor "L". i L represents the current in this circuit. The value of i L is equal to φ because it is the flux φ in the path of middle circuit. So we can use φ instead of i L in (3) and find Formula (4) which is shown as follows:
"E" is a voltage-controlled voltage source and the gain is equal to -1. Then by linking (4) with (2), we can find that the value of inductor L is equal to N.
According to (1) , the gain of "F" which is a current-controlled voltage source is equal to N. So the magnetomotive force F in the magnetic part in the right side of Figure 1 is equal to NI. I is the current in the left circuit [7] .
ESTIMATION OF THE PERMEANCE WITH ANALYTICAL METHOD
In our research, we have to compute the value of reluctance or permeance in the process of building the electromagnetic model to get the reluctance network of the linear synchronous machine. The machine is separated into many small parts and we can compute the magnetic reluctance of them. This calculation method is based on the geometric of the electromagnetic device. To estimate the reluctance or permeance of a flux tube, we have to calculate with analytical method. It is easy to implement. We deduce the Formula (5) for calculating reluctances and permeances by this general formula of calculating reluctance:
In the Formula (5), µ means the permeability; L means the integral path; S means the section.
This formula can be used to analyze the reluctance of all kinds of flux tube's shapes.
Then use this formula to deduce two kinds of flux tubes in our research:
Quarter cylinder is shown in Figure 2 . The reluctance is shown as follows:
The permeance is shown as follows:
In (6) and (7), R means the radius; W means the width.
The rectangular prism is shown in Figure 3 .
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In (8) and (9), L means the length, W means the width and H means the height.
We use these formulas to estimate the reluctance or permeance of the flux tube in the electromagnetic devices. Then, we can obtain the reluctance network and analyze the electromagnetic device. Therefore, we can analyze the rotor and the stator of the linear machine by this method [8] .
MODLE OF LINEAR SYNCHRONOUS MA-CHINE

Compute the parameters of rotor and stator
We set up a model of the linear synchronous machine by lumped approach. The geometry of the machine is shown in Figure 4 . Divide the rotor and stator into many small parts and it is convenient to calculate the reluctance of rotor and stator.
The method to divide the rotor and stator is shown in Figure 5 . Each part has its own equivalent magnetic reluctance. Connect all the reluctance and we can obtain the reluctance network of the rotor and the stator, which is respectively shown in Figure 6 . Calculate all the reluctance based on (10), which is deduced from (8) as follows:
In this formula, µmeans the permeability; S means the section; L means the integral path.
We can obtain (11)(12)(13)(14) from (10) shown as follows: After calculating all the reluctance in rotor and stator, we can obtain the circuit of the linear machine which is shown in Figure 7 . The circuit is composed of the electrical part, the rotor part and the stator part. In the circuit, the parameters are shown in Table 2 . 
Ns
Number of turns 210
According to the formula as follows:
In the formula (15): F is the magnetic motive force; H c is the magnetic field intensity; L is the length of the device. Therefore, we can obtain F dc , which is the magnetomotive force of the stator tooth:
We use electromagnetic coupling method to connect the electrical part and rotor part as shown in 
Compute the resistors in the air-gap
In the air gap, we need to connect each rotor tooth to each stator tooth. Thus, each rotor point has eight reluctances. For example: We draw this circuit and name all the reluctances. It is to be presented in the bell-shaped function (16) as follows:
In this function, R g is the values of reluctances in the air gap, and α, β, δ are given by other researches that are "Studies of the evolution of air-gap permeance". X is the relative position of the rotor and the stator [10] .
In Figure 9 : T r represents the distance between two neighboring teeth of rotor, which is equal to 13.2 mm; T s represents the distance between two neighboring
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The γ 11 between rotor 1 and stator1 is 0.
The γ 12 between rotor 1 and stator 2 is T s .
The γ 21 between rotor 2 and stator 1 is T r .
The γ 22 between rotor 2 and stator 2 is T r +T s . …… Calculate each γ of reluctance. After that we obtain this Table 3 about each γ. The parameters α, β and δ are obtained from other researches which are "Studies of the evolution of air-gap permeance". This topic is studied by my classmate Fan Hu. The topic is to implement finite-element method and analytical method for obtaining the evolution of the air-gap permeance, and it is linked with my topic on the linear machine. Thus the method used in the topic is FEM and my method is a lumped approach. After calculating permeance points during the research of the topic, the researcher of this topic finds out a bell-shaped curve which is closest to all permeance points as the permeance curve (the evolution of permeance), which can get α, β and δ: α= 2.4379*10 -7 ; β= 0.00641; δ=1.476
Therefore, we can calculate all the reluctances in the air gap from Formula (12). Build the whole electromagnetic model of the linear synchronous machine which consists of the electrical part, the rotor part and the stator part. In this model: The electrical part and the rotor part are connected by electromagnetic coupling; the rotor part and the stator part are connected through an air-gap reluctance network.
Simulation of linear machine
Simulate this electromagnetic model of the linear synchronous machine, which is set up by lumped approach and compare the result with that of finite element method. Compute the electromotive force of E b in the electrical circuit in Figure 10 . Ignore hysteresis loss and eddy current loss. The first figure of Figure 11 shows the result by lumped approach; the second figure shows that by FEM. We can see that in the first figure the amplitude of the electromotive force of E b is about 0.028V; the cycle is 0.03m. While in the second figure, the amplitude of the electromotive force of E b is about 0.021V; the cycle is also 0.03m. The results are similar.
Then compute the magnetic flux through E b in the magnetic circuit of rotor in Figure 12 . The first figure of Figure 13 shows the result by lumped approach; the second figure shows that by FEM. We can see that in the first figure, the amplitude of the magnetic flux through E b is about 0.00025Wb; the cycle is about 0.03m. While in the second figure, the amplitude of the magnetic flux through E b is also about 0.00025Wb; the cycle is about 0.03m similarly. The results are almost the same.
CONCLUSION
We present a method of quantitative analysis for electromagnetic device, which is called lumped approach. We set up an electromagnetic model for a linear synchronous machine by this approach. The linear machine is separated into many small parts. Then compute all the magnetic reluctances of them with analytical method and obtain the reluctance network. After that, we combine the magnetic circuit with electrical one by using electromagnetic coupling method and analyze the air-gap reluctance network. At last, we simulate the electromagnetic model of the linear machine and compare the result with that of finite-element method.
We can find that the result of lumped approach is very close to that of FEM. It is convenient to compute parameters and set up a model by this lumped approach. Using this method, we can quickly build a model of electromagnetic device even if the structure and condition are more complex.
